Sexual traits (e.g. visual ornaments, acoustic signals, courtship behaviour) are often displayed together as multimodal signals. Some hypotheses predict joint evolution of different sexual signals (e.g. to increase the efficiency of communication) or that different signals trade off with each other (e.g. due to limited resources). Alternatively, multiple signals may evolve independently for different functions, or to communicate different information (multiple message hypothesis). We evaluated these hypotheses with a comparative study in the family Estrildidae, one of the largest songbird radiations, and one that includes many model species for research in sexual selection and communication. We found little evidence for either joint evolution or trade-offs between song and colour ornamentation. Some negative correlations between dance repertoire and song traits may suggest a functional compromise, but generally courtship dance also evolved independently from other signals. Instead of correlated evolution, we found that song, dance and colour are each related to different socio-ecological traits. Song complexity evolved together with ecological generalism, song performance with investment in reproduction, dance with commonness and habitat type, whereas colour ornamentation was shown previously to correlate mostly with gregariousness. We conclude that multimodal signals evolve in response to various socio-ecological traits, suggesting the accumulation of distinct signalling functions.
Introduction
Sexual selection has generated a great diversity of secondary sexual traits and ornaments in animals (Andersson, 1994) . Courtship can make use of multiple sexual signals, often involving different signalling modalities (e.g. visual and acoustic), but we still know little about the evolutionary interactions among signalling modalities. For example, in birds, which are among the most ornamented and most studied animals in this respect, some past studies focusing on birdsong and colour ornamentation found evidence for trade-offs between these signal modalities (e.g. Shutler, 2011) , whereas others found evidence for positively correlated evolution (e.g. Catchpole & McGregor, 1985; Shutler & Weatherhead, 1990; De Repentigny et al., 2000; Gonzalez-Voyer et al., 2013) , or a lack of consistent associations (e.g. Ornelas et al., 2009; Mason et al., 2014; Matysiokov a et al., 2017) . The reason for these apparently inconsistent results is not yet clear (reviewed in Shutler, 2011; Gonzalez-Voyer et al., 2013; Mason et al., 2014) .
In addition to song and colour, birds have other sexual signals such as odours (e.g. Whittaker et al., 2011 Whittaker et al., , 2013 , extended phenotypes (e.g. nests or bowers; Gilliard, 1956; Mainwaring et al., 2014) and courtship dances (including movements of the body, wings, tail, bill and erection of feathers; Dakin & Montgomerie, 2009; Ota et al., 2015; Soma & Mori, 2015; Ullrich et al., 2016) . Courtship dance is particularly interesting because it typically interacts with other signals, being performed together with vocalizations or emphasizing conspicuously coloured body parts (Cooper & Goller, 2004; Byers et al., 2010; Dalziell et al., 2013) . This might give rise to functional compromises and/or correlated evolution of different signal modalities.
Even without functional interactions, sexual selection is hypothesized to yield positively correlated evolution among different sexual signals, especially if they have identical functions and collectively improve signal reliability (redundant or unreliable message hypotheses; Moller & Pomiankowski, 1993; Johnstone, 1996; BroJorgensen, 2010) , and in the absence of limitations for investing in multiple signals (Shutler, 2011) . Conversely, if resources are limited (Shutler, 2011) or if it is costly for receivers to evaluate multiple signals (Pomiankowski & Iwasa, 1993; Schluter & Price, 1993; Iwasa & Pomiankowski, 1994) , then sexual selection should lead to the evolution of one type of sexual signal to the exclusion of others, resulting in negatively correlated evolution of different sexual signals across species.
Alternatively, different modalities of sexual signals or different traits within a signalling modality may communicate different kinds of information (multiple message hypothesis; Moller & Pomiankowski, 1993; Johnstone, 1996; Candolin, 2003; Bro-Jorgensen, 2010) or may function in different social contexts (e.g. when different song traits attract mates or convey aggressiveness; Catchpole, 1983; Nemeth, 1996; Leitão & Riebel, 2003; Cardoso et al., 2007; Funghi et al., 2015) , and in these cases they may evolve in response to different selective factors. Correlated evolution among multiple sexual signals would then depend on the extent to which relevant selective pressures are correlated across species. Many differences in ecology and life history among species (e.g. parental care, gregariousness, habitat) can influence the evolution of sexual signals, either by changing the strength of sexual selection, the detectability of different signalling modes or the relative costs of different secondary sexual traits (Endler, 1992; Bradbury & Vehrencamp, 1998) . Therefore, the apparently inconsistent results from comparative studies of multimodal signalling might be resolved by asking if different sexual signals evolve under the same or different socio-ecological circumstances. This would help determine whether correlated or independent evolution of different signalling modalities is attributable to evolutionary interactions among multiple sexual signals, or to the co-occurrence of relevant selective factors across species.
Here, we use estrildid finches, a large songbird family that includes many model species for research in sexual selection and animal communication (e.g. Pryke et al., 2010; Soma, 2011; Crowhurst et al., 2012; Van Rooij & Griffith, 2012; Cardoso et al., 2014; Ota et al., 2015; Soma & Mori, 2015; Ullrich et al., 2016; Young et al., 2016) , to test whether different modalities of sexual signals evolve independently or in a correlated manner and whether different modalities are associated with particular ecological or life-history traits. Finch species in the family Estrildidae vary considerably in their songs, which are thought to function primarily as intersexual signals in this group (Hall, 1962) , and exhibit a broad diversity of colour ornamentation (Clement et al., 1993) . Many species also perform stereotypical courtship dances (Goodwin, 1982; Baptista et al., 1999; Payne, 2010; Soma & Garamszegi, 2015) . Estrildid species differ in ecological and life-history traits that can affect sexual selection, including the degree of gregariousness, which is correlated with ornamental coloration (Gomes et al., 2016) . In a previous study focused on female ornamentation, we also found that the complexity of courtship dances was unrelated to the extent of colour ornamentation or the occurrence of female song across estrildids, perhaps because these traits evolve primarily as male sexual signals (Soma & Garamszegi, 2015) .
We use detailed measurements of male sexual signals and ornamentation (song complexity, song performance, size of dance repertoires, the extent, saturation and contrast of ornamental colours) to study how multimodal signalling evolves. If the different traits strongly influence each other, we expect to find correlated evolution among different types of sexual signals, and ask if such correlations are positive or negative, the latter reflecting potential trade-offs among sexual signals (Shutler, 2011) . If the components of multimodal signalling are functionally equivalent, as suggested by the redundant or unreliable message hypotheses (Moller & Pomiankowski, 1993) , we also expect them to be correlated with similar ecological or life-history traits. Alternatively, if the different sexual signals have different functions or information content, as suggested by the multiple message hypothesis (Moller & Pomiankowski, 1993) , we expect them to be correlated with different ecological or life-history predictors, in which case the different types of sexual signals may evolve independently of each other.
Materials and methods
We quantified song traits, colour ornamentation and courtship dance repertoires of male estrildid finches and gathered information on the ecology and life history of each species. We chose to only measure males because many estrildid finch species lack female song (Hall, 1962) , and also because in many bird species males are more ornamented and experience stronger sexual selection than females.
Archive at the British Library and the web-based library Xeno-Canto (http://www.xeno-canto.org). Based on sound quality, we selected up to ten songs per recording for analyses and also consulted published descriptions of song (Payne, 2010) in order to distinguish the song of the focal species from other kinds of vocalizations or species captured in the recordings; all ambiguous cases were excluded. We define syllables as the units that repeat to form a trill or, in the nontrilled parts of song, as individual sound elements or tight groups of elements linked by intervals noticeably shorter than the typical between-syllable intervals. Individual songs were identified as groups of syllables separated from other songs by at least three times the typical intersyllable intervals in the recording. Songs that appear interrupted at the end of the recordings were not measured. We measured a total of 659 songs from 164 different recordings representing 51 estrildid species (7.3 AE 3.37 SD song/species). Spectrograms were generated with Avisoft-SASLab Pro v.5.2.07 (Avisoft Bioacoustics, Berlin, Germany) on 16-bit files with sampling frequency of 44 Hz, using 512 FFT length, Hamming window and 50% overlap, which corresponds to a resolution of 86 Hz by 5.8 ms. We measured song duration from spectrograms and used Avisoft automatic parameter tools to measure the peak frequency, maximum and minimum frequencies of each song. Peak frequency was measured as the frequency of highest amplitude across the song; maximum and minimum frequencies were measured as the frequency at which sound amplitude drops below 14 dB relative to the peak frequency. We checked the accuracy of these frequency measurements by visual inspection of spectrograms and excluded measurements of minimum frequency that were caused by background noise. In addition to these song measurements, we used higher-resolution spectrograms (settings as above except for window overlap of 75%, resulting in 2.9 ms time resolution) to count or measure the total number of syllables per song, the number of different syllables, and, for species with trills, the duration of trills and the number of syllable repetitions per trill. Trill measurements were made on trills that repeated at least three times the same syllable, or a syllable that changes gradually. From these raw measurements, we analysed three traits related to complexity (song duration, frequency bandwidth and syllable diversity) and four traits related to performance (syllable rate, trill rate, sound frequency corrected for body size, and deviation from expected sound frequency).
Song duration was measured in seconds for each song, averaged across songs from the same recording, and then across recordings of the same species (the same averaging procedure was used for all the other traits below). Frequency bandwidth was computed as the difference between log-transformed maximum and minimum frequencies (i.e. the ratio of maximum to minimum frequency) of each song. Log-transformation was used because perception and modulation of sound frequency both function on a ratio scale (Cardoso, 2013) . These two traits are used here to quantify song complexity under the assumption that longer songs and songs with wider frequency bandwidth can accommodate more varied sounds. In addition, these measures may also reflect song performance if singing longer songs and/or wider frequency bandwidth is physiologically demanding. Finally, syllable diversity was computed as the proportion of different syllables relative to the total number of syllables in the song; this quantifies syllable diversity while controlling for song duration.
We quantified acoustic traits likely related to song performance, in the sense that they should increase challenges to the motor system, the respiratory system or other physiological processes involved in singing. We calculated syllable rate as the number of syllables divided by song duration, and trill rate as the number of syllable repetitions divided by trill duration. We also compared the ability of different species to sing at high sound frequencies, under the assumption that this may be physiologically demanding, requiring greater muscular contraction at the syrinx and/or build-up of greater air pressures (Goller & Riede, 2013) . Controlling for body size is important because of the strong allometry between sound frequency and body size among birds (Wallschl€ ager, 1980; Ryan & Brenowitz, 1985) , a consequence of the basic physics of larger species having larger vocal tracts (Bradbury & Vehrencamp, 1998; Fletcher, 2004) . Thus, we log 10 -transformed the peak frequency of each song (see explanation above, and Cardoso, 2013) and regressed species mean values on body size to obtain residual peak frequency for each species. For this, we used body size data from Gomes et al. (2016) , which comprises the first principal component of a principal component analysis on morphometric measures (tarsus length, bill length and depth, tail and wing lengths, all log 10 -transformed) from skins of estrildid species. These residual peak frequencies, in log 10 Hz, are henceforth referred to as sound frequency corrected for body size. In addition, because it may be demanding to produce sound frequencies more distant from those predicted for a given species' body size, either very high or very low sound frequencies, we also analysed the absolute values of these residual frequencies, henceforth referred to as deviation from expected sound frequency. As noted above, song data were available for 51 different estrildid species.
Dance
We used male dance repertoire data identical to Soma & Garamszegi (2015) . Based on published descriptions of courtship dance for each species (Goodwin, 1982) , we counted the number of different dance movements that males perform. The categories of dance movements are the following: bobbing; horizontal body movements; wing movements; tail movements; erection of feathers on body; hopping or stepping; holding nest material in the bill; bill wiping; and opening the bill or showing the tongue. Dance repertoires including a greater number of different movements are considered to be more elaborate displays (see Soma & Garamszegi, 2015) . Data on male courtship dance repertoire were available for 85 species.
Colour
We used the colour ornamentation data from Gomes et al. (2016) , based primarily on reflectance spectrophotometry and digital photography of specimens at the Natural History Museum of London. The five metrics below allow comparisons of the extent of ornamentation, and chromatic and achromatic aspects of colour, among species with diverse colour hues. Maximum and mean saturation of ornamental colours, which quantify the chromatic conspicuousness of plumage colours, were calculated using models of avian vision (Endler & Mielke, 2005; Stoddard & Prum, 2008) , as the maximum or mean value of colour saturation (distance to the achromatic centre of perceptual colour space) in each of seven body parts (crown, throat, mask, back, belly, tail and wing). Maximum achromatic difference quantifies the nonchromatic contrast among plumage colours and was computed as the maximum absolute value of all pairwise differences in log-reflectance among the seven body parts noted above. Extent of ornamental coloration is an index of the proportion of plumage area with ornamental coloration (i.e. yellowto-red, green, blue, or homogeneous black) and was computed from dorsal, ventral and lateral photographs of each specimen. Finally, we noted whether bills had ornamental red colour. For detailed methods on these metrics, see Gomes et al. (2016) . Data on male colour ornamentation were available for 132 species.
Ecological and life-history traits
We gathered information from the literature (Clement et al., 1993; Payne, 2010) on several ecological and lifehistory traits of estrildid fiches. We used 14 of the 15 ecological and life-history traits in Gomes et al. (2016) , chosen for having been shown or suggested to affect sexual signals in other taxa, and for which information was available for most estrildid species. These traits are vegetation density of the habitat, maximum altitude and altitudinal range, commonness, migration, gregariousness, feeding height and range, length of the breeding season, clutch size, lengths of the incubation and nestling periods, nest height and vulnerability to broodparasitism. See Gomes et al. (2016) for methods used to quantify these traits, and for the rationale for their potential relationships with sexual signals (see table 1 in Gomes et al., 2016) . Unlike Gomes et al. (2016) , we did not use the trait "diet" (extent of granivory), because this trait has a predicted relationship only with colour ornamentation, and not song or dance.
Phylogeny and comparative analyses
For comparative analyses, we used a molecular phylogeny for the estrildid finches comprising all extant species recognized by Payne (2010) and for which we had information on song, dance or colour ornamentation. This phylogeny was based on two mitochondrial DNA regions comprising~2170 base pairs. The analyses reported here are based on the maximum clade credibility tree from BEAST (Drummond et al., 2012) . For detailed information on the molecular phylogeny, see Gomes et al. (2016) .
We tested for correlated evolution between phenotypic traits associated with different modalities of sexual signals-song, courtship dance repertoire and colour ornamentation-using two approaches. The first approach used bivariate phylogenetic generalized least squares (PGLS) regressions to test for correlation among traits while controlling for phylogenetic relationships among species (Pagel, 1999) . The choice of which traits to use as predictor or dependent variable in these models was arbitrary (we chose to use colour traits always as predictors and dance repertoire always as dependent). Sample sizes differ for the different regression models because data on sexual signals and on ecological and life-history traits were available for different subsets of species (see Dataset S1). We analysed each song and colour trait separately because phenotypic traits within the same signal modality (song or colour) did not generally show strong positive covariation: all bivariate PGLS regressions coefficients (b) among song traits were either negative or were lower than 0.38, except for syllable and trill rates, which are alternative ways of assessing the same aspect of performance (Table S1 ). Likewise, b were lower than 0.23 among all colour traits, except for mean and maximum saturation, which is expected because they summarize the same saturation measurements (Table S2) .
The second approach used PGLS multiple regression models to include the various song traits, or the various colour traits, together as independent variables in the same statistical model, rather than testing their effects in separate analyses. This has the advantage of accounting for complementary effects that different song or colour traits may have on the evolution of each trait in the other signalling modalities. It has the limitation that sample size for some multiple regression models is quite low compared to bivariate models because there are missing values for some species (e.g. no data on trill rate for species without trills). For PGLS multiple regression models using song traits as independent variables, we excluded sound frequency corrected for body
size and syllable rate to avoid multicollinearity problems (sound frequency corrected for body size is strongly negatively related with frequency bandwidth and with deviations to expected sound frequency, and syllable rate is strongly negatively related with syllable diversity and positively with trill rate; all other | b| < 0.39, Table S1 ). Similarly, in PGLS multiple regression models using colour traits as independent variables, we excluded maximum saturation to avoid multicollinearity with mean saturation (b = 0.80; all other |b| < 0.24).
We tested whether statistically significant results obtained in the above analyses were robust to uncertainty in the phylogenetic tree we used (i.e. the maximum clade credibility tree) by replicating statistically significant analyses using multiple trees sampled from the posterior distribution of trees generated by BEAST. We randomly selected 1000 trees from the posterior distribution and then replicated each of these significant analyses across the 1000 trees. Following Garamszegi & Mundry (2014) and Rubolini et al. (2015) , we averaged results weighted by the fit of each tree to the analysis (evaluated by its Akaike information criterion, AIC).
We tested whether species differences in song traits or dance repertoires are predicted by the above set of 14 ecological and life-history traits. Ecological and lifehistory correlates of estrildid colour ornamentation are reported elsewhere (Gomes et al., 2016) . Since the ecological and life-history traits differ in samples sizes (i.e. number of species with information available), we completed this test in two steps: (1) we ran PGLS simple regressions with each ecological or life-history trait as the single predictor of the song or dance trait (Table S3) ; (2) we selected ecological and life-history traits showing suggestive associations with song or dance (P < 0.1) for inclusion in a PGLS multiple regression for each signalling trait. This procedure avoids excessive reduction in sample size for the multiple regression, while allowing the inclusion of all relevant predictors. We also report these PGLS multiple regression models as averaged across 1000 different phylogenetic trees, to account for phylogenetic uncertainty, as described above. All PGLS regressions were calculated in the R (R Core Team, 2015) package Caper (Orme, 2013) , and in all cases we estimated the parameter k of the regression model to assess and adjust the degree of phylogenetic correction (Freckleton et al., 2002) .
Results

Correlated evolution between signalling modalities
Few of the song and colour traits studied appear to evolve in a correlated manner. PGLS bivariate regressions found three nominally significant relationships as follows: (1) a positive association between sound frequency corrected for body size and the extent of 
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ornamental coloration (b st = 0.35, N = 50 species, P = 0.02); (2) a positive association between deviation from expected sound frequency and maximum achromatic difference (b st = 0.35, N = 50, P = 0.01); and (3) a negative association between syllable diversity and maximum achromatic difference (b st = À0.43, N = 50, P = 0.004; all other |b st | < 0.26, P > 0.07; Table 1 ). However, these associations between song and colour are not robust to correction for the multiple comparisons included in Table 1 . Similarly, PGLS multiple regressions found little support for coevolution of song and colour. The above two associations between maximum achromatic difference and song traits were retrieved in some of the PGLS multiple regression models, especially those using various colour traits simultaneously as independent variables (Table S4 and S5) . No additional associations between song and colour traits were discovered, except for the model regressing mean colour saturation on the various song traits being marginally significant (F 5,32 = 2.57, P = 0.05), albeit with no significant effects for individual song traits (Table S4 ). All these results remained statistically significant when averaged across analyses using 1000 trees sampled from the posterior distribution, to account for phylogenetic uncertainty (Table S6) .
The dance repertoire of males was negatively related to syllable diversity in songs (PGLS bivariate regression: b st = À0.32, N = 36, P = 0.03; result remained significant when analysed across multiple phylogenetic trees; Table S6 ), and there was also a negative trend between dance repertoire and trill rate (b st = À0.27, N = 27, P = 0.14; in all other PGLS bivariate regressions, |b st | < 0.20, P > 0.12; Table 2 ). Similarly, PGLS multiple regression suggested the above negative associations between male dance repertoire and syllable diversity or trill rate (partial b st = À0.40, P = 0.07, and partial b st = À0.33, P = 0.08, respectively) and also a positive association with frequency bandwidth (partial b st = 0.54, P = 0.06; Table S4 ). Although these partial regression coefficients are higher than in the previous bivariate analyses (between 0.33 and 0.54), their statistical significance is only suggestive (all P ≤ 0.08) perhaps because the sample size for this multiple regression model (25 species) is lower than in bivariate analyses. PGLS multiple regressions also did not find evidence for associations between colour traits and males dance repertoire (Table S5) .
Correlated evolution with ecology and life-history
Bivariate PGLS regressions found between one and four ecological and life-history candidate traits for inclusion in PGLS multiple regression models (Table S3) . Multiple regression models then revealed that most song traits and dance repertoires are related to different ecological or life-history traits (Table 3; Figs. S1, S2, S3). Results of PGLS multiple regression models were identical when using 1000 trees sampled to account for phylogenetic uncertainty (Table S7) .
The strongest association we found was between a song complexity trait, frequency bandwidth, and the range of feeding heights, an aspect of ecological generalism (b st = 0.64, N = 44, P = 0.004; Table 3 ), although the number of species that feed across a range of heights is very small (Fig. S1a) . Another song complexity trait, song duration, was also marginally related to a measure of ecological generalism (range of altitudes of the habitat: b st = 0.40, N = 36, P = 0.06; Table 3 ; Fig. S1b ). Both results suggest that ecologically generalist species evolved more complex songs.
None of the song complexity traits were positively related to measures of investment in reproduction (Table 3 ) and, on the contrary, syllable diversity was negatively related to clutch size (b st = À0.37, N = 49, P = 0.02; Fig. S1c ). Nonetheless, nestling period, a measure of the investment in reproduction, was the lifehistory trait most often related to song. It was positively related to most song performance traits (trill rate, b st = 0.49, N = 40, P = 0.02; syllable rate, b st = 0.31, N = 43, P = 0.02; and deviation in sound frequency relative to body size, b st = 0.37, N = 43, P = 0.01) and was marginally related to lower sound frequency (b st = À0.27, N = 43, P = 0.05; Table 3 ; Fig. S2a-d) . Some of these results are influenced by a single species with longer nestling period than the remaining estrildids (Fig. S2a-c) . Nonetheless, these results suggest that species investing more in offspring growth evolved higher performance songs (faster trill and syllable rates, and larger deviations relative to the sound frequency predicted by their body size).
Faster trill rates were associated with less migratory species (b st = À0.35, P = 0.04, Fig. S2e) , and larger dance repertoires were associated with higher-altitude habitats (b st = 0.34, N = 45, P = 0.04) and with commonness (b st = 0.32, P = 0.04; Table 3 , Fig. S3 ). 
Discussion
Past comparative studies on the joint evolution of birdsong and colour ornamentation have reported inconsistent results, although most did not find significant associations between these two signalling modalities (reviewed in Mason et al., 2014) . Our results for estrildid finches are comparable; despite considering many traits related to song complexity, song performance, the extent, saturation and contrast of colour ornamentation, most evolutionary correlations among signalling modalities were weak and nonsignificant, even before correcting for multiple comparisons. Of the three nominally significant correlations between song and colour (i.e. prior to correcting for multiple comparisons), one is similar to a result previously reported for North American wood warblers (extent of colour ornamentation related to higher-frequency songs; Shutler & Weatherhead, 1990) , and another (syllable diversity negatively related to achromatic contrast) matches results for Cardueline finches . Collectively, however, our results show largely independent evolution of song and colour ornamentation. For courtship dance too, strong correlations with other signalling modalities were few. No significant associations were found with the saturation, contrast or extent of ornamental colours, supporting previous work finding that dance repertoires are not related to the extent of estrildid colour ornamentation (Soma & Garamszegi, 2015) . The only nominally significant association (i.e. before accounting for multiple comparisons) was species with larger dance repertoires having less syllable diversity in their songs. As many estrildids sing during courtship (Goodwin, 1982; e.g. Ota et al., 2015; Soma & Mori, 2015; Ullrich et al., 2016) , these simpler and more repetitive songs could be interpreted as a functional adaptation to synchronize dance with singing. The same could be said of the second strongest, although nonsignificant, bivariate association with dance repertoires: slower trill rates. Similarly to the associations between song and colour, however, most correlations involving dance repertoires were weak and nonsignificant. Therefore, we conclude that interactions among signalling modalities, whether positive or representing trade-offs (Shutler, 2011) , are not among the most important factors shaping the evolution of estrildid sexual signalling.
Instead of correlated evolution among sexual signals, we found that each signalling modality was associated with different ecological and life-history traits, suggesting that each is subject to a different set of selective factors and constraints. Song complexity evolved together with ecological generalism, measures of song intensity or performance correlated mostly with investment in reproduction, dance correlated with habitat type and commonness, whereas colour ornamentation is related mostly to gregariousness, as reported previously (Gomes et al., 2016) . Table 3 Phylogenetic multiple regression models relating each song or dance trait to their respective candidate set of socio-ecological predictors. Statistics as in Table 1 ; nominally significant results indicated by an asterisk. (43) 0.26 (43) 0.00 (43) 0.00 (40) 0.49 (45)
The association of song complexity (larger frequency bandwidths and longer songs) with ecological generalism agrees with comparative studies finding that generalist species on average experience stronger sexual selection or have more elaborate sexual signals (Badyaev & Ghalambor, 1998; Tobias & Seddon, 2009; € Ostman & Stuart-Fox, 2011; Cardoso et al., 2012 ; see Table 1 of Gomes et al., 2016) . Migration also is thought to increase sexual selection because of increasing breeding synchrony and likelihood of extra-pair fertilizations (Spottiswoode & Møller, 2004 ; Table 1 of Gomes et al., 2016) . Estrildid species with faster trill rates (a song performance trait) were less migratory, providing no support for a link between migration and sexual selection, at least for this trait. Investment in reproduction is another life-history trait that may select for sexual signals that indicate good parental qualities (the good parent hypothesis; e.g. Germain et al., 2010; Gladbach et al., 2010) . Higher song complexity was not associated with greater investment in reproduction, whereas syllable diversity decreased with clutch size across species. This suggests that song complexity in estrildids has not evolved to signal parental care, but, on the contrary, may evolve in species with less demanding parental duties, such that males can more easily invest in sexual signals to pursuit extra-pair matings (the trade-off and differential allocation hypotheses; Mitchell et al., 2007;  Table 1 of Gomes et al., 2016) . Several song performance traits (syllable rate, trill rate and deviations in sound frequency relative to body size), however, were positively correlated to the length of the nestling period, suggesting that song performance may evolve to signal male parental ability in species that require longer parental care.
In contrast to song, ecological generalism and investment in reproduction were not the most important correlates of nonacoustic sexual signals. Although some colour traits are positively related to investment in reproduction, colour ornamentation is most strongly associated with gregariousness, with gregarious species having more saturated and contrasting ornamental colours (Gomes et al., 2016) . In this study, we find that male courtship dance repertoires, which should be sexually selected (Johnson, 2000) , are larger in more common species and those that live at higher altitudes. These correlates of dance repertoires are not simple to interpret because potential relationships between sexual selection and commonness or altitude are debated; costly sexual signals were proposed to reduce commonness and promote extinction (e.g. McLain et al., 1995; Bro-Jørgensen, 2014) , but in some circumstances sexual selection may facilitate adaptation to changing environments (reviewed in Candolin & Heuschele, 2008) or increase with population density (reviewed in Kokko & Rankin, 2006) . In other avian species song complexity increases with latitude (reviewed in Singh & Price, 2015) , which may have similar ecological consequences as increasing latitude. In contrast, cardueline finches at higher altitudes were found to be less ornamented (Badyaev, 1997) . Overall, it is clear that different modalities of sexual signals in estrildid finches are not correlated with the same ecological and life-history predictors.
Several explanations might account for the lack of consistent evidence for an evolutionary correlation between elaboration of song and colour ornamentation across avian taxa. These include methodological limitations in quantifying these complex phenotypes, differences in the importance of joint evolution vs. trade-offs across avian lineages (Shutler, 2011) or evolution of these sexual signals for different functions or under different socio-ecological constraints (see Gonzalez-Voyer et al., 2013 and Mason et al., 2014 for review and discussions of this). Our work on estrildid finches reinforces the conclusion of Mason et al. (2014) that a general correlation among song and colour is unlikely for songbirds and tentatively expands this conclusion to courtship dance as well, despite suggestive evidence for a functional compromise between dance and song. Having analysed several aspects of song complexity, song performance, chromatic and achromatic aspects of colour, our results also argue against explanations based on methodological limitations. Instead, finding that each mode of sexual signalling (including song complexity and performance separately) tends to be associated with distinct socio-ecological traits suggests that these sexual signals communicate different information (multiple message hypothesis; Moller & Pomiankowski, 1993; Johnstone, 1996) , and/or respond to different selection pressures or constraints. We therefore suggest that the co-occurrence of different sexual signals across avian species is shaped by the alignment of the relevant socio-ecological factors that influence the evolution of each signalling modality and that this may help explain the inconsistent results of comparative studies on different avian clades.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 Scatterplots of species values illustrating relationships between song complexity and ecological or life history traits. 
